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Abstract. The most fundamental response of an ionized gas to a macroscopic object is the formation of
the plasma sheath. It is an electron depleted space charge region, adjacent to the object, which screens the
object’s negative charge arising from the accumulation of electrons from the plasma. The plasma sheath
is thus the positively charged part of an electric double layer whose negatively charged part is inside the
wall. In the course of the Transregional Collaborative Research Center SFB/TRR24 we investigated, from
a microscopic point of view, the elementary charge transfer processes responsible for the electric double
layer at a floating plasma-wall interface and made first steps towards a description of the negative part of
the layer inside the wall. Below we review our work in a colloquial manner, describe possible extensions,
and identify key issues which need to be resolved to make further progress in the understanding of the
electron kinetics across plasma-wall interfaces.
PACS. 52.40.Hf Plasma-material interaction, boundary layer effects – 52.40.Kh Plasma sheaths – 68.49.Jk
Electron scattering from surfaces – 68.49.Sf Ion scattering from surfaces (charge-transfer, sputtering, SIMS)
1 Introduction
The most fundamental manifestation of the interaction of
a solid surface with an ionized gas is the formation of an
electric double layer consisting, respectively, on the plasma
and the solid side of the interface of an electron-depleted
and an electron-rich space charge region. It arises because
electrons are deposited more efficiently inside or on top of
the solid, depending on the electronic structure, than they
are extracted from it by the neutralization of ions and the
de-excitation of heavy neutral particles. That an electric
double layer forms at a plasma-facing solid (plasma inter-
face), having a negative part inside the solid and a posi-
tive part inside the plasma, is known since the beginnings
of gaseous electronics [1]. A microscopic understanding of
the charge transfer across the plasma interface on par with
an understanding of charge transfer between two gaseous
plasmas [2,3,4,5] or between two solids, such as, Schottky
contacts [6] is however still lacking. What has been stud-
ied in depth so far is only the merging of the plasma-based
part of the double layer–the plasma sheath–with the quasi-
neutral bulk plasma [7,8,9] and how it is affected by the
emissive properties of the surface, that is, by electron/ion
reflection and electron emission [10,11,12].
As far as the theoretical description of this funda-
mental electronic response of the plasma interface is con-
cerned it is usually assumed that the processes inside the
solid occur on spatial/temporal scales too small/fast to
affect the plasma [13]. For the plasma species the solid
is thus assumed to be only a reservoir characterized by
surface parameters, such as, absorption, reflection, and
emission probabilities, which have to be obtained either
by quantum-mechanical calculations or by separate mea-
surements. Encapsulating the physics of charge transfer
across the plasma interface into a set of surface param-
eters, that is, considering electron absorption, reflection,
and extraction as elementary surface collision processes
has a long tradition in plasma physics (see [14,15,16,17,
18,19] for representative recent applications of this phi-
losophy). Usually the surface parameters are assumed to
be just numbers, independent of energy and angle, which
in general is of course not true. The crude description
reflects simply the fact that in most cases the surface pa-
rameters have been neither worked out theoretically nor
measured experimentally. In particular at low impact en-
ergies the data base is rather sparse or outdated as em-
phasized for the particular case of secondary electron emis-
sion by Tolias [20]. It is only recently that experimental
work started anew to determine at energies relevant for
low-temperature plasma applications surface parameters,
such as, the electron backscattering probability [21] or the
secondary electron emission coefficient [22,23].
Characterizing charge transfer across the plasma in-
terface by a set of (energy- and angle-dependent) sur-
face parameters is justified as long as the scales of charge
transport/relaxation inside the plasma and inside the solid
are well separated. In situations, however, where they ap-
proach each other, as we expect it to occur soon in arrays
of integrated microdischarges [24,25], because of the con-
tinuing miniaturization efforts in this field [26], it is no
longer sufficient to treat electron deposition and extrac-
tion across the plasma interface as elementary surface col-
lision processes. Instead it will be necessary to describe the
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charge transport across the interface selfconsistently with
the charge dynamics on both sides of it. Such an approach
is also required if one wants to understand in detail how
the electronic non-equilibrium of the plasma is transferred
to the solid, or if the physical system of interest consists
of a plasma and a solid component, as it is the case for
the plasma bipolar junction transistor [27].
Motivated primarily by the prospects of solid-based
opto-electronic plasma devices [24,25,26,27], but also with
an eye on dielectric barrier discharges [28,29,30], we initi-
ated in the framework of the Transregional Collaborative
Research Center SFB/TRR24 a still on-going effort to un-
derstand the charge transport, that is, the electron kinet-
ics across the plasma interface from a microscopic point
of view. Part of our work is devoted to the calculation of
surface parameters (which may be also functions of energy
and angle). Besides assisting future experimental efforts to
measure them the parameters will help to make the mod-
eling of the plasma-wall interaction more realistic. Con-
sidering electron deposition and extraction as elementary
surface collision processes we calculated for dielectric sur-
faces probabilities for electron sticking/backscattering [31,
32,33,34,35] and secondary electron emission [36,37] and
investigated how electronic correlations affect the neutral-
ization of ions on metallic surfaces [38,39]. In addition
we started to explore the fate of the surplus electrons in-
side the wall, that is, the solid-based negative part of the
electric double layer [40,41] and proposed a method to
measure the charge of a dielectric particle embedded in a
plasma optically by Mie scattering [42,43,44]. In the fol-
lowing sections we colloquially review our work, present
numerical results for material systems not considered in
our previous work, or of exploratory calculations extend-
ing it, and identify key issues which need to be resolved for
making further progress in the microscopic understanding
of charge transfer across plasma-wall interfaces.
2 Electron absorption and backscattering
The interaction of electrons with surfaces is central for a
great variety of surface diagnostics as well as materials
processing techniques. It has been studied in great detail
(see references in [31,32]). This knowledge however is not
of immediate use for the modeling of electron-surface in-
teraction in plasma applications, such as, dielectric barrier
discharges, Hall thrusters, or the divertor region of fusion
plasmas. The reason is the difference in the electron ener-
gies. Whereas in surface diagnostics, for instance, in elec-
tron microscopy, the energy of the electron probing the
surface is at least 100 eV the energy of electrons hitting
the wall of a bounded plasma is typically less than 10 eV.
In this energy range little is known quantitatively about
the interaction of electrons with surfaces. The probability
with which a low energy electron gets stuck in the surface
and hence contributes to the solid-based negative part of
the electric double layer is essentially unknown for the ma-
terials used as plasma walls. Very often it is thus assumed
the probability is unity (perfect absorber assumption), ir-
respective of the angle of incidence and the wall material.
An electron, however, impinging on a solid surface is either
reflected, inelastically scattered or temporarily deposited
to the surface with possible trapping states (or sites) de-
pending on the electron affinity of the surface. The perfect
absorber model can thus not be universally valid.
To overcome the limitations of the perfect absorber
model we initially modelled electron trapping/sticking at
low energies as a physisorption process in the surface’s
image potential using rate equations for the occupancies
of the image states [33,34,35] and relying on methods de-
veloped for describing the adsorption of neutral atoms [45,
46]. This approach, applicable to electro-negative dielectrics,
such as LiF, yields very small sticking probabilities. Due
to lack of experimental data it is presently unclear how
realistic these results are. We also investigated electron
absorption by electro-positive dielectrics [31,32], such as,
Al2O3 or SiO2. Since they are more commonly used in
plasma applications we discuss the approach applied to
them in more detail.
An electron hitting a dielectric with positive electron
affinity may enter, after a successful transmission through
the surface potential, the conduction band of the dielec-
tric. Inelastic scattering due to phonons may then push
the electron back to the interface and, after a successful
transmission through the surface potential in the reverse
direction, back to the plasma. In general, the probabil-
ity for this chain of events is finite. Hence, the sticking
probability should be less than unity with the particular
numerical value depending on the electronic structure of
the surface and the efficiency of the scattering processes.
Utilizing the electron’s large penetration depth at the
energies of a few electron volts [47], typical for plasma ap-
plications, we showed that the chain of events described in
the previous paragraph gives rise to a sticking probability
S(E, ξ) which is the product of the probability T (E, ξ)
for quantum-mechanical transmission through the surface
potential and the probability to stay inside the surface de-
spite of inelastic backscattering inside it [31,32]. To make
the connection between absorption by and backscattering
from the dielectric surface explicit, we recast the expres-
sion for S(E, ξ) in the form
S(E, ξ) = 1−
∫ E
χ
dE′
∫ 1
0
dξ′R(Eξ|E′ξ′) , (1)
where R(Eξ|E′ξ′) encodes the backscattering of an elec-
tron hitting the surface with energy E and direction cosine
ξ to a state with energy E′ and direction cosine ξ′ (see
Figure 1 for the definition of the cosines and energies). It
consists of two parts,
R(Eξ|E′ξ′) = R(E, ξ)δ(E − E′)δ(ξ − ξ′)
+ δR(Eξ|E′ξ′) , (2)
with R(E, ξ) = 1 − T (E, ξ) the probability for quantum-
mechanical reflection by the surface potential and
δR(Eξ|E′ξ′) = ∂η
′
∂ξ′
T (E, ξ)ρ(E′)B(Eη|E′η′)T (E′ξ′)
× θ(ξ′ −√1− m¯e) (3)
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with
B(Eη|E′η′) = Q(Eη|E
′η′)∫ 1
0
dη′
∫ E
0
dE′ρ(E′)Q(Eη|E′η′)
(4)
the probability for diffuse backscattering. The differential
coefficient ∂η′/∂ξ′ arises because the direction cosines in-
side (η and η′) and outside (ξ and ξ′) the surface are differ-
ent because of the mismatch between the electron masses
and the three-dimensional potential step mimicking the
surface potential. Due to conservation of the total energy
E and the lateral momentum K they are connected by
1− η2 = E − χ
meE
(
1− ξ2) (5)
with m¯e = m∗/me the mass of a conduction band electron
in units of the bare electron mass and χ > 0 the electron
affinity of the dielectric. Using this relation for the post-
collision direction cosines yields the relation ∂η′/∂ξ′.
For the model shown in Figure 1 the transmission
probability is given by
T (E, ξ) = 4mekp
(mek + p)2
(6)
with k =
√
E − χ ξ and p = √meE η the z−components
of the electron momenta outside and inside the wall. In all
formulae atomic units are used, that is, energy is measured
in Rydbergs and lengths in Bohr radii. Since the signs of
k and p are always the same in (6) we define the direction
cosines ξ and η referenced, respectively, to the electron
momenta outside and inside the wall, by their absolute
values: ξ = | cosβ| and η = | cos θ|. This choice simplifies
also the calculation of the function Q(Eη|E′η′) which is
the essential part of δR(Eξ|E′ξ′), the function describing
diffuse backscattering by the surface.
The function Q(Eη|E′η′) is proportional to the prob-
ability for an electron penetrating the surface in a state
with (total) energy E and direction cosine η to backscat-
ter after an arbitrary number of internal scattering events
towards the interface in a state with energy E′ and di-
rection cosine η′. It is determined by a recursion relation
derived from the principle of invariant embedding [48,49,
50]. The invariant embedding principle is particularly well
suited for our purpose because it enables us to perform an
expansion in the number of backscattering events which
converges very fast because backscattering is usually much
less likely than forward scattering. In fact, we can trun-
cate the expansion already after one backscattering event.
What is an advantage for the invariant embedding ap-
proach is a serious drawback for Monte Carlo simulations.
Sampling rarely occurring backscattering trajectories is
computationally demanding. Standard Monte Carlo tech-
niques are thus not particularly well-suited for the inves-
tigation of electron backscattering.
In [31,32] we derived the recursion relation for the
function Q(Eη|E′η′) under the assumption that the di-
electric surface is at room temperature and the impinging
electron has initially an energy E < Eg, where Eg is the
band gap of the dielectric. The first assumption implies
that the scattering occurs primarily due to emission of
optical phonons while the second assumption guarantees
that Coulomb-driven electron energy dissipation can be
ignored. Taking then into account that a forward scat-
tering event leads in a very good approximation only to
an energy loss ω, where ω is the energy of the phonon,
leaving the propagation direction of the electron however
unchanged, Q(Eη|E′η′) can be written as
Q(Eη|E′η′) =
Mopen∑
m=0
Q1m(E; η|η′)δ(E − E′ − ω1m) (7)
with Mopen the number of forward scattering events at
most possible for the initial energy E, ξ the initial direc-
tion cosine, and ω1m = (1+m)ω. The expansion coefficients
Q1m(E; η|η′) satisfy a linear recursion relation, to be found
in [31,32], which can be solved numerically quite efficiently
for given values of E, η, and η′.
The physical picture behind our approach of calculat-
ing the electron sticking and backscattering probabilities
for a dielectric surface with positive electron affinity is il-
lustrated in Figure 1 together with representative results
for an Al2O3 surface. First let us consider the illustration
on the left. It shows that for a dielectric with positive elec-
tron affinity diffuse backscattering from the surface is due
to an internal multi-phonon cascade consisting of a finite
number of electron trajectories characterized by a single
backscattering and an increasing number of forward scat-
tering events. Each trajectory represents a backscattering
channel contributing to the diffuse backscattering from
the surface if the electron moving along such a trajectory
traverses the surface potential successfully from the solid
to the plasma side.
Let us now turn to the numerical data shown in the
middle and the right panel of Figure 1. The middle panel
gives S(E, ξ) over the whole range of direction cosines ξ
and energies up to 9 eV above which Coulomb-driven scat-
tering processes should be taken into account. In princi-
ple this is possible. Preliminary work indicated that the
recursion relations, containing in this case also energy in-
tegrals, can still be solved efficiently by numerical means.
Work in this direction is in progress but will not be re-
ported here. The sticking probability S(E, ξ) in the white
region of the (E, ξ)-plane is identically zero. It is the region
of total reflection at the three-dimensional potential step
characterizing the surface potential. Below the yellow line,
given by ξ =
√
1− m¯e, the sticking probability is given by
the quantum-mechanical transmission probability, that is,
S(E, ξ) = T (E, ξ). This is a consequence of the mass mis-
match m¯e = m∗/me < 1 and the conservation of total
energy and lateral momentum which force the perpendic-
ular energy of an electron impinging on the surface with a
direction cosine ξ <
√
1− m¯e to be less than χ, the depth
of the surface potential, once it crossed the interface from
the plasma side. Since at room temperature the electron
cannot gain energy by absorbing phonons it is thus im-
mediately confined to the surface once it entered it. Only
above the yellow line, that is, for ξ >
√
1− m¯e phonon
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Fig. 1. (Color online) Left panel: Interface model and principal idea of the calculational approach used for studying electron
absorption/backscattering by dielectric walls with positive electron affinity χ > 0. The direction cosines inside (η) and outside
(ξ) the surface can be deduced from the two semicircles. Central panel: Angle-resolved electron sticking probability S(E, ξ) for
Al2O3 (sapphire) with material parameters me/m∗, χ, Eg, and ε as listed in Table 1. Below the yellow dashed line, indicating
ξ =
√
1−me, inelastic backscattering has no effect on the sticking probability. In the white region S(E, ξ) = 0 due to total
reflection of the electron by the potential step mimicking the surface potential. Right panel: The function δR(Eξ|E′ξ′), describing
diffuse backscattering of an electron with energy E and direction cosine ξ into a state with energy E′ and direction cosine ξ′,
for an electron hitting the Al2O3 surface with E = 8.9 eV and ξ = 1. Below the dotted yellow line δR(Eξ|E′ξ′) = 0 because
diffuse backscattering cannot lead to post-collision cosines ξ′ <
√
1−me.
emission may bring the electron back to the interface. The
possibility of crossing it also from the solid side leads then
in this part of the (E, ξ)-plane to S(E, ξ) ≤ T (E, ξ).
Having a numerical value for the sticking probability
S(E, ξ) is enough for determining for instance the charge
of a dust particle in a plasma. If one is however interested
in the feedback the surface has to the plasma the elec-
tron backscattering probability R(Eξ|E′ξ′) is the more
important quantity. It consists of the quantum-mechanical
(specular) backscattering probability R(E, ξ) and the dif-
fuse backscattering probability δR(Eξ|E′ξ′). The latter is
shown in the right panel of Figure 1 for an electron hit-
ting an Al2O3 surface with E = 8.9 eV and ξ = 1. Similar
plots arise for other values of E and ξ. Below the yellow
line, given now by ξ′ =
√
1− m¯e, diffuse backscattering
is not possible because the mass mismatch in conjunction
with the conservation of total energy and lateral momen-
tum prevent post-collision cosines ξ′ <
√
1− m¯e. Diffuse
backscattering in these directions is thus impossible.
The data presented in Figure 1 are obtained for a lat-
erally homogeneous surface. Only then the lateral momen-
tum is conserved leading to total reflection. In reality, sur-
faces in contact with a plasma are for sure laterally inho-
mogeneous. Lateral momentum is thus not conserved and
total reflection suppressed. In [31,32] we also considered
this case, based on a simple model for interfacial scatter-
ing [51] which destroys the lateral homogeneity. We then
found astonishingly good agreement between calculated
values for S(E, ξ = 1) and data obtained from electron-
beam scattering experiments on MgO [52] and SiO2 [53]
surfaces indicating that our approach captures the essen-
tial processes responsible for low-energy electron backscat-
tering from electro-positive dielectrics.
So far we focused on electron energy relaxation due to
scattering by optical phonons. But other scattering pro-
me
mh
me
m∗ kBT∗ kBTh χ Eg ε
(eV) (eV) (eV) (eV)
SiO2 1.0 1.3 0.2 0.2 1.2 9.0 4
Al2O3 1.0 2.2 0.2 0.2 1.2 8.7 9.9
MgO 1.0 2.5 0.2 0.2 1.2 7.8 9.8
me
mi
kBTe kBTi I Γ
(10−4) (eV) (eV) (eV) (eV)
H+e 5.4 2.0 0.2 13.6 2.0
Table 1. Material parameters used in the calculations for the
perfectly absorbing collisionless plasma-wall interface. The im-
age shift of the ion’s ionization level I is neglected to keep the
model as simple as possible. It should be also noticed that the
parameters give only an orientation. For real surfaces used in
actual experiments the values may deviate from the ones given
due to materials science aspects not addressed in this work.
cesses can be included as well. The numerical effort in-
creases, in particular, if Coulomb-driven scattering pro-
cesses are included, such as, electron-hole pair generation
due to the impacting electron, becoming important for
E > Eg. Still, we expect the approach to remain more
efficient than Monte Carlo simulations. It should thus be
a rather useful tool for analyzing the recent experimen-
tal data obtained for electron backscattering from plasma
walls [21] and for generating for various materials data for
R(Eξ|E′ξ′) and S(E, ξ) to be used in plasma modeling.
3 Electron extraction
Charge extraction by the neutralization of ions and/or
the de-excitation of neutral particles is an important ele-
mentary surface collision process because it may provide
secondary electrons which in turn affect the overall charge
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balance of the plasma. At high impact energies electrons
are ejected from the surface due to the transfer of the
kinetic energy associated with the center-of-mass motion
of the projectile to the surface (kinetic electron ejection)
whereas at low impact energies electrons are released due
to the transfer of the energy stored in the internal motion
of the projectile’s constituents (potential electron ejec-
tion) [54]. In the SFB/TRR24 we were particularly in-
terested in a theoretical description of potential electron
ejection from plasma walls. Besides the well-known two-
electron Auger processes (Ref. [55] and below) we investi-
gated secondary electron emission due to auto-detaching
negative ions [36,37] and analyzed resonant neutralization
of ions with an eye on mixed-valence and Kondo reso-
nances [38,39].
Our work on electron extraction from surfaces due
to impacting atomic particles is based on multi-channel
Anderson-Newns models [56] parameterized by experimen-
tal energies and target-projectile interactions deduced from
considerations based on image charges [57,58]. The mod-
els act on the internal states of the projectiles taking their
classical center-of-mass motion in the surface potential
into account by time-dependent matrix elements. Recast-
ing the models in terms of pseudo-particles [59], represent-
ing the projectile’s electronic configurations, as proposed
in a pioneering work by Langreth and Nordlander [60],
quantum kinetic equations for their occurrence probabili-
ties can be derived and numerically solved [60,61,62].
For the de-excitation of metastable N∗2 molecules on
dielectric surfaces we obtained good agreement with ex-
perimental data [36,37]. The secondary electron emission
coefficients we find for the neutralization of He+ on metal
surfaces are also of the correct order of magnitude indi-
cating that the semiempirical approach is working. From
our point of view, the semiempirical approach is also the
most suitable for describing elementary surface collision
processes at plasma walls which are in most cases not well
enough characterized to justify a more elaborate theoret-
ical description.
Although our prime motivation stems from the desire
to characterize elementary surface collision processes at
plasma walls we investigated also the neutralization of
strontium ions on gold surfaces [38,39], because exper-
iments [63,64] indicated that it is perhaps driven by a
mixed-valence resonance and thus by a feature which is
paradigmatic for correlated quantum impurity systems.
Our theoretical analysis could not fully support this con-
jecture but we found evidence for it deserving further ex-
ploration. The Sr+:Au system is not relevant of course
for plasma applications. It shows however that the charge
transfer processes taking place at plasma interfaces can
be embedded in a context making them interesting to a
larger group of physicists.
To give a better idea of how electron ejection at low
impact energies can be approached by Anderson-Newns
models we discuss secondary electron emission due to the
neutralization of a He+ ion on a tungsten surface in more
detail. For the purpose of this paper, which is to review
our work performed in the SFB/TRR24, the discussion
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Fig. 2. (Color online) Schematic representation of an
Anderson-Newns model based analysis of the neutralization
of a helium ion on a tungsten surface characterized by a Fermi
energy EF = 6.4 eV and a work function Φ = 4.5 eV. Other
projectile-target combinations and other collision scenarios can
be treated in the same spirit. Panel (a) shows a collision trajec-
tory leading to time-dependent matrix elements and thus to the
necessity to use quantum-kinetic equations for the theoretical
analysis of the neutralization process. The reaction channels
included into our modeling are indicated in the (on scale) en-
ergy (b) and the channel (c) diagram. In the energy diagram
the image shifts are neglected for simplicity. The energy levels
given for the projectile are the ones far away from the surface.
The helium ion may capture an electron from the metal by a
single-electron transfer (SET), changing its configuration from
He+(1s; 12S1/2) to either He
∗(1s2s; 23S1) or He∗(1s2s; 21S0),
and subsequently Auger de-excite (AD) to He(1s2; 11S0) releas-
ing thereby a secondary electron. The He+(1s; 12S1/2) ion may
however also Auger neutralize (AN) to He(1s2; 11S0) which also
leads to the ejection of an electron. Panel (d) depicts the two-
level system to which the electronic configurations of the pro-
jectile involved in the collision process give rise to with ε0 the
first ionization energy of helium (24.6 eV) and ε1, depending on
the spin orientation, the ionization energy of the singlet (4 eV)
or triplet (4.8 eV) metastable state.
will stay at the qualitative level, mathematical details will
be given elsewhere [65].
The essence of our approach is illustrated in Figure 2.
Panel (a) of this figure shows a collision trajectory. For
simplicity we assume the He+ ion to hit the surface per-
pendicularly. Hence, the position of the projectile in front
of the surface is given by z(t) = ztp +v|t|, where ztp is the
turning point, v is the velocity of the projectile and t runs
from −tmax to tmax with tmax large enough to decouple
the projectile from the target. Other collision angles can
be also treated. At the level of our models it just leads
to a velocity-induced smearing out of the target’s Fermi
edge [66]. Below we present in fact data for grazing in-
cident. Two main neutralization routes, put together in
panels (b) and (c), are operative, each one leading to the
ejection of an electron. The ion can either Auger neutralize
(AN) to the groundstate of the atom or Auger de-excite
(AD) to it in case a metastable configuration is formed
before via a single-electron transfer. In that case a di-
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rect (DAD) and an indirect (IAD) channel exist. Assum-
ing without loss of generality the electron of the He+ ion
to have spin up, the electronic configurations involved in
the neutralization processes summarized in panel (c) are
He+(12S1/2) for the ion, He(1
1S0) for the groundstate,
He∗(23S1) for the triplet metastable state, and He∗(21S0)
for the singlet metastable state. They give rise to the two-
level system shown in panel (d).
Instead of using Fermi operators acting on the two-
level system we prefer to represent the electronic config-
urations of the projectile by pseudo-operators. Recalling
that the 1s and 2s shell of helium are involved in build-
ing up the electronic states of the projectile, we introduce
operators e†, s†1↓, s
†
2↑, and s
†
2↓ by defining
|000〉 = e†|vac〉 , |100〉 = s†1↓|vac〉 , (8)
|010〉 = s†2↑|vac〉 , |001〉 = s†2↓|vac〉 . (9)
They denote, respectively, the ion He+(12S1/2), the ground-
state atom He(11S0), and the triplet and singlet metastable
states, He∗(23S1) and He∗(21S0). Employing the reasoning
of our previous work [36,38], the Hamiltonian describing
the neutralization of a He+(12S1/2) ion on a tungsten sur-
face within the scenario summarized in Figure 2 becomes
H(t) = ε∗s(t)s
†
2↓s2↓ + ε
∗
t (t)s
†
2↑s2↑ + εg(t)s
†
1↓s1↓
+
∑
qσ
εqσ(t)c
†
qσcqσ +
∑
kσ
εkσc
†
kσckσ
+
∑
kσ
[
V SETkσ (t)c
†
kσe
†s2σ + H.c.
]
+
∑
k1k2k′σ
[
V ANk1k2k′σ↓(t)c
†
k′σs
†
1↓ e ck1↓ck2σ + H.c.
]
+
∑
kk′σ
[
V DADkk′σ (t)c
†
k′σckσs
†
1↓s2↓ + H.c.
]
+
∑
kqσ
[
V IADkqσ (t)c
†
qσck↓s
†
1↓s2σ + H.c.
]
, (10)
where the operator c†kσ creates an electron with momen-
tum k and spin σ in the conduction band of the metal
and the operator c†qσ puts an electron in an unbound pro-
jectile state with momentum q and spin σ. In terms of
pseudo-particle operators the physical meaning of the var-
ious terms of the Hamiltonian is very transparent. For
instance, the fourth line of (10) denotes Auger neutraliza-
tion, where the projectile transfers from the ion configu-
ration to the groundstate configuration while creating an
electron in state |k′σ〉 and destroying two metal electrons,
one in state |k1 ↓〉 and one in state |k2σ〉.
The energies εg(t), ε
∗
s(t), ε
∗
t (t), and εqσ(t) of the pro-
jectile’s electronic configurations are time-dependent be-
cause of polarization effects which depend on the projec-
tile’s distance to the surface and thus its instantaneous
position in front of the surface. We approximate this by an
image shift as explained in [37,39]. The time-dependencies
of the matrix elements V SETkσ (t) for single electron transfer,
V ANk1k2k′σ↓(t) for Auger neutralization, V
DAD
kk′σ (t) for direct
Auger de-excitation, and V IADkqσ (t) for indirect Auger de-
excitation arise from the overlap of projectile and target
wave functions which also depend on the separation of
the projectile and the target. In our models the target is
approximated by a three-dimensional potential step, its
wave functions can thus be obtained analytically. For the
bound states of the helium projectile we take hydrogen
wave functions with charges adjusted to reproduce the ion-
ization levels of helium. The projectile’s continuum states
are approximated by plane waves. Explicit expressions for
the matrix elements will be given elsewhere [65].
Subjecting model (10) to a quantum kinetic treatment
along the lines initially given by Langreth and cowork-
ers [60,61,62], a linear set of ordinary first order differ-
ential equations can be derived for the probabilities with
which the projectile’s electronic configurations occur in
the course of the collision. In our case, we obtain equations
for the occurrence probabilities of the ion, the ground-
state, and the two metastable states of the helium projec-
tile. The derivation consists of three main steps. First, two-
time Dyson equations for the projectile Green functions
are set up. Second, the selfenergies are calculated in the
non-crossing approximation and, third, the fact is utilized
that the selfenergies are peaked around the time-diagonal
enabling a saddle-point approximation to extract from the
Dyson equations rate equations for the occurrence prob-
abilities ni(t), nt(t), ns(t), and ng(t) for, respectively, the
ion, the two metastable states, and the groundstate of the
projectile. Following this reasoning which we also exerted
in [36,38,39] we get
d
dt

ni
nt
ns
ng
 =

−[Γ<t (t) + Γ<s (t) + Γ<AN(t)] Γ>t (t) Γ>s (t) 0
Γ<t (t) −[Γ>t (t) + Γ<IAD↑(t)] 0 0
Γ<s (t) 0 −[Γ>s (t) + Γ<IAD↓(t) + Γ<DAD↓(t)] 0
Γ<AN(t) Γ
<
IAD↑(t) Γ
<
IAD↓(t) + Γ
<
DAD↓(t) 0
 ·

ni
nt
ns
ng
 (11)
which can be solved numerically. Explicit expressions for
the time-dependent rates Γ≷...(t) will be given elsewhere [65].
Notice, the entries in each column of the matrix sum up to
zero. This is a consequence of the fact that the probability
of finding the projectile at any particular instant of time
in any one of its electronic configurations has to be one.
F. X. Bronold et al.: Electron kinetics at the plasma interface 7
Hence, ni(t) + nt(t) + ns(t) + ng(t) = 1 implying
d
dt
[ni(t) + nt(t) + ns(t) + ng(t)] = 0 . (12)
Representative data for the instantaneous occurrence
probabilities ni(t), ns(t), nt(t) and ng(t) as well as the in-
stantaneous secondary electron emission probability γe(t) =
ng(t)/2, assuming a fifty-fifty chance for the excited elec-
tron to leave the solid, obtained from the numerical so-
lution of (11) are plotted in Figure 3 for a He+(12S1/2)
ion hitting a tungsten surface with Ekin = 200 eV under
an angle of incident of 2◦ measured from the surface. The
parameter setting is not appropriate for a He+(12S1/2) ion
scattering off a plasma wall where the incident would be
normal and not grazing because of the sheath potential.
However, the ion beam scattering experiments from which
we obtained data for secondary electron emission coeffi-
cients have been performed for grazing incident [67]. To
compare our results with measured data we hence use this
scattering geometry. Data for normal incident will be pre-
sented elsewhere [65]. For the situation depicted in Fig. 3
the helium projectile thus starts as an ion at a distance
z = 40 aB (aB is the Bohr radius), moves along a grazing
trajectory towards the turning point ztp = 2.27 aB, where
it is specularly reflected to move back to the distance
z = 40 aB. After completion of the collision the projectile
finds itself neutralized to the groundstate He(11S0) with
probability ng(tmax) ≈ 0.4 and to the triplet metastable
configuration He∗(23S1) with probability nt(tmax) ≈ 0.3.
It thus survives the surface collision as an ion with prob-
ability ni(tmax) ≈ 0.3.
The probability for emitting a secondary electron in
the course of the collision is γe(tmax) ≈ 0.2 which agrees
surprisingly well with experimental data by Mu¨ller and
coworkers [67]. Despite the simplicity of the model and the
uncertainties arising from the Gadzuk construction [57,58]
we use for obtaining the matrix elements of the Hamilto-
nian (10), we nevertheless obtain very good results. Even
the spectrum of the emitted electron (not shown) turns
out to be in good agreement with the measured spectrum.
The result for the helium ion is thus rather encouraging. It
is of course not a hard test of the viability of the semiem-
pirical approach. For that we should at least be also able to
reproduce experimental data [67] for inert gas ions other
than He+(12S1/2). Work in this direction is in progress. It
requires the incorporation of p−orbitals and hence the re-
newed computation of all matrix elements and transition
rates.
4 Electric double layer
Treating electron absorption/backscattering and electron
extraction as elementary surface collision processes giving
rise to a few surface parameters fed into the kinetic mod-
eling of the plasma is a viable approach as long as the
microphysics responsible for these processes is irrelevant
on the scale of the plasma sheath. If this is however not
the case, for instance, because of the miniaturization of the
10-5
10-4
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10-2
10-1
100
40 30 20 10 10 20 30 40
Pr
ob
ab
ili
ty
z [a.u.]
ni
nt
ns
ng
γe
Fig. 3. (Color online) Instantaneous occurrence probabilities
ni, nt, ns, and ng of the electronic configurations of the helium
projectile and instantaneous electron emission probability γe
obtained from (11). The projectile hits the tungsten surface as
an ion with a kinetic energy Ekin = 200 eV and an incident
angle with respect to the surface of ϕ = 2◦. The turning point
ztp = 2.27 and is indicated by the thin vertical line. Hence, the
left (right) part of the plot denotes the incoming (outgoing)
branch of the collision trajectory. At the end of the collision,
the projectile is either still in its ionic state (black solid line),
in its triplet metastable state (dot-dot-dashed line), or in its
groundstate (blue solid line). The singlet metastable state (dot-
dashed line) occurs only temporarily. Its occurrence probability
at the end of the collision is vanishingly small. The secondary
electron emission coefficient is the value of γe (orange solid line)
at the end of the outgoing branch. It is in good agreement with
experimental data [67].
discharges, or if the physical system of interest consists of a
plasma and a solid component which cannot be separated
and have thus to be treated on an equal footing, as it is
the case for the plasma bipolar junction transistor [27], or
if one is simply interested per se in how the electronic non-
equilibrium of the plasma is transferred to the electronic
states of the solid, one has to employ kinetic equations not
only for the plasma but also for the solid and to merge
them by suitable matching conditions. Improving our ear-
lier work [41] on the distribution of surplus electrons accu-
mulated from the plasma inside a plasma-facing dielectric
we recently set up a general kinetic framework [40] for
studying the charge transport across a dielectric plasma
interface, that is, its electronic response, selfconsistently
with the charge transport and relaxation on both sides of
the interface.
Our first attempt [41] of treating the plasma-induced
electric double layer at a dielectric plasma interface was
based on a thermodynamic principle [68] and a graded
potential [69,70] interpolating between the potential of
the sheath and the potential inside the solid. Due to the
graded potential we could treat dielectrics with positive
and negative electron affinities. The assumption of ther-
modynamic equilibrium of the surplus charges with the
lattice of the solid, however, is too restrictive. It applies
only to a subgroup of transferred electrons. In the new
approach [40] we overcome this limitation. The concept
of an electron surface layer employed in [41] to describe
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Fig. 4. (Color online) Interface model for an electric double
layer with negative space charge inside the solid and positive
space charge in front of it [40]. Shown are the edges of the
conduction (U∗) and valence bands (Uvb), the edge for the
motion of valence band holes (Uh), the potential energies for
electrons and ions on the plasma side, and the energetic range,
specified by the ion’s ionization energy I and its broadening Γ ,
in which hole injection occurs due to the neutralization of ions
at the interface. Source, reservoir, and quasi-neutral regions
are indicated as they will arise in the course of the calculation.
the solid-based negative part of the electric double layer
enabled us however to determine in which states the elec-
trons accumulated from the plasma reside: For dielectrics
with negative electron affinity they are confined in im-
age states in front of the surface, forming thus a two-
dimensional electron film as envisaged by Emeleus and
Coulter [71,72] in their attempt to go beyond the perfect
absorber model for plasma walls, while for electro-positive
dielectrics they populate the surface’s conduction band,
giving thus rise to a wide space charge region.
The fundamental set of equations describing the elec-
tronic response of a plasma-facing dielectric solid is given
in [40]. It consists of the Poisson equation
d
dz
ε(z)
d
dz
Uc(z) = 8piρ(z) = 8pi
[
ρw(z)θ(−z)− ρp(z)θ(z)
]
(13)
and two sets of spatially separated Boltzmann equations,
one for the electrons and ions in the plasma and one for the
conduction band electrons and valence band holes in the
solid. Defining a species index s = e, i, ∗, h to denote elec-
trons, ions, conduction band electrons, and valence band
holes, respectively, the Boltzmann equations for the quasi-
stationary distribution functions F
≷
s (z, E,K), for left and
right moving particles (see Figure 4), can be written as[
±vs(z, E,K) ∂
∂z
+ γs[F
≷
s′ ]
]
F≷s (z, E,K) = Φs[F
≷
s′ ]
(14)
with
vs(z, E,K) = 2
(
me
ms
[E − Us(z)]− (me
ms
K)2
)1/2
(15)
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Fig. 5. (Color online) Potential energy (black lines) and
density (orange lines) profiles defined by ρtw(z) = [n
t
∗(z) −
nth(z)]θ(−z) and ρp(z) = [ni(z)− ne(z)]θ(z) for i-SiO2 [40], i-
Al2O3, and i-MgO surfaces in contact with a hydrogen plasma
with kBTe = 10kBTi = 2 eV. Only the thermalized part of the
charge density inside the wall, ρtw(z), is shown which balances
ρp(z) on the plasma side. The interface is assumed to be per-
fectly absorbing and collisionless on both sides. Grey regions
on the left and right indicate respectively the reservoir and the
source required for implementing the physical boundary condi-
tions for the electric double layer. Relevant for the double layer
is only the region between the two thin vertical lines indicat-
ing the positions of the inflection points z1 < 0 and zp > 0 in
units of the Debye screening lengths λwD and λ
p
D, respectively.
The band bending is given by U1 = Uc(z1) while the sheath
potential becomes Up = Uc(zp). Material parameters used for
the calculations are summarized in Table 1.
the velocity of the particles normal to the (planar) inter-
face at z = 0 and z, E, and K the distance from the in-
terface, the total energy, and the lateral momentum. The
potential energies entering (15) are given by
U∗(z) = −Uc(z)− χ , Ue(z) = −Uc(z) , (16)
Uh(z) = Uc(z) + Eg + χ , Ui(z) = Uc(z) (17)
with Uc(z) the solution of (13), Eg the band gap, and
χ > 0 the electron affinity. Energies and lengths are again
measured in Rydbergs and Bohr radii.
The functions γs[F
≷
s′ ] and Φs[F
≷
s′ ] denote, respectively,
the rates for out-scattering and the in-scattering colli-
sion integrals. The set of Boltzmann equations has to be
augmented by matching conditions for the distribution
functions. For electrons they can be derived quantum-
mechanically using a technique developed for solid sur-
faces [73] and solid-solid heterostructures [74,75]. So far
the technique has been applied to match bulk electron
states across interfaces. In principle it should be however
possible to generalize the approach to take surface states
into account as well. The matching of the ion and hole
distribution functions on the other hand has to be based
on a physical model for hole injection due to, for instance,
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Fig. 6. (Color online) Conduction band edges U∗(z) and den-
sity profiles ρtw(z) for i-SiO2, i-Al2O3, and i-MgO surfaces in
contact with an hydrogen plasma with kBTe = 10kBTi = 2 eV.
Material parameters can be found in Table 1. The interface is
perfectly absorbing and collisionless on both sides.
resonant neutralization of ions at the interface. Neutral-
ization due to Auger processes leading in addition to the
emission of a secondary electron as discussed in Section 3
could be also treated but we have not done so yet.
For a dielectric plasma interface without surface states
and for resonant ion neutralization only the matching con-
ditions for the distribution functions become [40]
F>,<e,∗ (0, E,K) = R(E,K)F
<,>
e,∗ (0, E,K)
+ [1−R(E,K)]F>,<∗,e (0, E,K) (18)
with E > 0 and
F<h (0, E,K) = F
>
h (0, E,K) + αS
<
h (E,K) , (19)
F>i (0, E,K) = (1− α)F<i (0, E,K) (20)
with E > Eg + χ, where R(E,K) is the quantum me-
chanical reflection coefficient for electrons due to the sur-
face potential, α is the ion neutralization probability, and
S<h (E,K) is a function specifying hole injection into the
valence band of the dielectric due to the neutralization of
an ion at the interface. The particular form of S<h (E,K)
depends on the neutralization process. In case the neu-
tralization induces also secondary electron emission, the
matching condition for the electron distribution functions
has to be augmented by a function S>e (E,K). The func-
tions S<h (E,K) and S
>
e (E,K) have thus to account for
the processes discussed in Section 3.
Together with the Poisson equation (13) for the electric
potential energy Uc(z), the matching conditions for Uc(z)
at z = 0, and
ns(z) =
∫
dEd2K
(2pi)3
F>s (z, E,K) + F
<
s (z, E,K)
vs(z, E,K)
, (21)
for the charge densities, Eqs. (14)–(20) form a closed set
of equations for the distribution functions provided they
are supplemented by boundary conditions far away from
the interface, that is, at z = zb < 0 and z = zw > 0 (see
Figure 4). For a floating plasma interface the boundary
condition at z = zw is the quasi-neutral bulk plasma, act-
ing as a source for ions and electrons, whereas at z = zb
an intrinsic or extrinsic dielectric has to be established
as a quasi-neutral reservoir for conduction band electrons
and valence band holes. The physical picture arising for a
floating interface is illustrated in Figure 4 anticipating an
electron-rich (electron-depleted) surface (plasma sheath).
Electrically contacted plasma interfaces (electrodes) re-
quire other boundary conditions and have to be modelled
differently.
The approach presented so far is quite general. To
obtain results scattering processes have to be specified.
On the plasma side the most important scattering pro-
cess is charge exchange scattering for ions whereas in-
side the solid intraband electron-phonon scattering and
interband electron-hole recombination should be included.
Once the collision integrals associated with these processes
are worked out the set of Boltzmann equations has to be
solved numerically together with the Poisson equation, the
matching conditions, and the boundary conditions. This
is quite demanding and part of our future activities in this
field.
To obtain first estimates for the electric double layer
forming due to the electronic response of the interface,
we considered in [40] the case of a collisionless, perfectly
absorbing interface. In this particular case the lateral mo-
mentum K can be eliminated. It is then possible to for-
mulate the whole approach in terms of
Fs(z, k) =
∫
d2K
(2pi)2
Fs(z,K, k) , (22)
which satisfy
± vs(z, E) ∂
∂z
F≷s (z, E) = 0 (23)
with
vs(z, E) = 2
(
me
ms
[E − Us(z)]
)1/2
. (24)
The Boltzmann equations become thus ordinary differen-
tial equations which can be solved, as explained in [40],
by a straightforward trajectory analysis taking at z = 0
the perfect absorber matching conditions and at z = zb,w
the boundary conditions into account specified in the pre-
vious paragraph. For details see [40]. It turns out that in
this particular case the densities ns(z) are only functions
of Uc(z) and not of z explicitly. Hence, the Poisson equa-
tion can be integrated once analytically and a second time
numerically to obtain Uc(z).
Numerical results for this simple case are shown in
Figures 5 and 6 using a hydrogen plasma in contact with
intrinsic SiO2, Al2O3, and MgO surfaces as examples. The
material parameters are given in Table 1. Notice in par-
ticular the plasma-induced band bending inside the di-
electrics. As in other electronic devices, it would control
together with the band off-set χ the electric current in
case the interface was wired up to an external circuit.
To make the approach selfconsistent, it is necessary to
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Fig. 7. (Color online) Geometry and profile of the conduction
band edges for a CaO/Al2O3 core-shell particle confining sur-
plus electrons accumulated from the plasma in a narrow shell
of thickness d = (1−f)a with f = b/a the filling factor. The an-
tibonding resonance arising from the surface modes at the two
interfaces shifts with charge density (data adapted from [42].)
split the charge density inside the solid into a thermal-
ized (trapped) and a non-thermalized (non-trapped) part:
ρw(z) = ρ
t
w(z) + ρ
j
w(z). Roughly speaking, ρ
t
w(z) is a con-
sequence of the boundary condition at z = zb while ρ
j
w(z)
is a consequence of the matching condition at the inter-
face. In effect this leads to a two-species scenario and a
recombination condition limiting in conjunction with the
boundary conditions the influx j = je = ji of electrons
and ions to the interface. Numerical data for the influx
are given with other quantities of interest in Table 2. No-
tice, even in the simply case considered here–the colli-
sionless, perfectly absorbing plasma interface–the influx j
and the total wall charge Nw =
∫ 0
z1
dzρtw(z) establishing
quasi-stationarity depend on the material. The reason is
the selfconsistent adjustment of the plasma source to the
environment inside the solid characterized here by the in-
trinsic charge density nint (given in Table 2), the energy
gap Eg , and the temperatures of the thermalized holes
and electrons, Th and T∗. In a realistic model, where colli-
sions are included, in particular, interband collisions anni-
hilating electron-hole pairs, the adjustment of the plasma
source to the conditions inside the wall will become even
more pertinent.
5 Spectroscopy of the wall charge
In an effort to establish a method for measuring the charge
of dust grains in a plasma optically we investigated Mie
scattering by charged dielectric particles. Initially we con-
sidered homogeneous particles with negative and positive
electron affinity [43,44] but later we also investigated core-
shell particles, where an electro-negative core is coated by
an electro-positive film [42]. The idea was based on the
observation that the particle charge modifies either the
boundary condition for the electromagnetic field (parti-
cles with negative electron affinity) or the bulk dielectric
function (particles with positive electron affinity). In ei-
ther case the optical extinction Qt depends on the charge
of the particle which should thus be visible in the Mie sig-
nal calculated and measured by standard procedures [76].
We found light scattering by particles made out of
dielectric materials featuring transverse optical phonons,
for instance, MgO, CaO, Al2O3 to be very charge sensi-
tive in the vicinity of anomalous optical resonances [43,
44], defined by ε′(ω) < 0 and ε′′(ω)  1, where ε(ω) =
ε′(ω)+iε′′(ω) is the complex dielectric function of the ma-
terial [77,78]. The resonances are in the infrared and shift
with increasing charge towards higher wave numbers. Con-
fining the charge to a narrow electro-positive shell around
an electro-negative core increases the charge sensitivity of
the shift [42]. In Figure 7 the geometry of such a composite
particle is shown together with results for a CaO/Al2O3
core-shell particle. It turns out [79] that the antibonding
resonance, arising from the hybridization of the two sur-
face modes [80,81] localized, respectively, at the core-shell
and the shell-vacuum interface (that is, in plasma applica-
tions, the shell-plasma interface) is most charge-sensitive.
Core-shell particles with this morphology could thus be
used as electric probes with optical read-out.
The idea of using engineered solid-state objects as elec-
tric probes can be also applied to planar walls. Indeed, the
surface modes responsible for the charge-sensitivity of Mie
scattering by small particles become the surface-plasmon
polaritons in the case of planar walls. Their dispersion
and damping depends on the dielectric function of the wall
which in turn is modified by the surplus electrons accumu-
lated from the plasma. Spectroscopic techniques sensitive
to the surface-plasmon polariton should thus be capable to
reveal information about the space charge inside the solid.
Hence, using such a spectroscopy in plasma applications
would provide a sensor for the physical properties of the
wall charge. Particularly promising in this respect seems to
be electron-energy loss spectroscopy [82,83] which demon-
strated for free-standing surfaces and solid heterostruc-
tures its feasibility for investigating buried space charge
regions [84,85,86].
An exploratory theoretical study of small-angle inelas-
tic electron scattering on a dielectric heterostructure con-
sisting of a charge-carrying layer of thickness d1, in con-
tact with a plasma, and a substrate layer of thickness d2
showed that the charge dependence of the effective dielec-
tric function governing the scattering of the electron is
strong enough to produce measurable effects also in cases
where the electron beam is applied to the substrate layer
and not to the charge-carrying layer as shown in the left
panel of Figure 8. Similar to Mie scattering by charged
dielectric core-shell particles [42] the antibonding reso-
nance arising from the two surface modes at, respectively,
the dielectric/dielectric and the dielectric/plasma inter-
face turns out to be particularly charge sensitive. The
charge-dependent shift of its spectral position is shown
on the right side of Figure 8. It is the larger the thinner
the charge-carrying layer, that is, the stronger the surplus
electrons are confined.
To obtain the data shown in Figure 8 we assumed elec-
trons with surface density ns to be homogeneously dis-
tributed in the charge-carrying layer and calculated, us-
ing ns, d1, and d2 as parameters, the electron energy loss
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Fig. 8. (Color online) Results for the electron energy loss spectrum of a stack of two dielectric layers in contact with a plasma
providing the dielectric mismatch at the uppermost interface and the surplus charges inside the plasma-facing layer (although
the charge transfer from the plasma to the layer is not explicitly modelled). The charge-carrying layer has thickness d1 while
the substrate has thickness d2. The most charge-sensitive feature of the loss spectrum is the peak in the range 850− 870 cm−1
which is the antibonding resonance arising from the modes at the dielectric/dielectric and the dielectric/plasma interface. Its
shift with charge density is plotted on the right for two different thicknesses d1 of the charge-carrying layer.
spectrum [83],
dS
dω
=
∫
d2q‖A(q‖, ω)Im
[ −1
εeff(q‖, ω) + 1
]
, (25)
where the scattering kinetics is accounted for by the func-
tion
A(q‖, ω) =
4e2
pi2~
q‖v2⊥
[(ω − q‖ · v‖)2 + q2‖v2⊥]2
, (26)
with v‖ and v⊥ the lateral and perpendicular velocity of
the electron with respect to the interface, and the energy
loss is encoded into an effective dielectric function
εeff(q‖, ω) = a2 − b
2
2
a2 + a1 − b21/(a1 + ap)
(27)
with ai = εi coth(q‖di) and bi = εi/ sinh(q‖di) for i =
1, 2, p and bp = 0. Neglecting nonlocal effects, the surplus
charges affect the effective dielectric function only through
the dielectric function of the charge-carrying layer,
ε1(ω)→ ε˜1(ω) = ε1(ω) + 4piiσ(ω)/ω , (28)
where σ(ω) is the phonon-limited conductivity of a gas of
electrons with volume density nb = ns/d1 to be obtained
in the same way as in [42].
The numerical results plotted in Figure 8, obtained
for a charge-carrying layer made out of Al2O3 and a dis-
sipationless substrate layer specified by ε2 = 2, demon-
strate that the charge-induced modification of the effec-
tive dielectric function can be strong enough to be de-
tectable by a scattering geometry where the beam of elec-
trons suffering energy loss is not in direct contact with
the charge-carrying layer. This is important if one wants
to employ electron energy loss spectroscopy as a probe
for the charge build-up in the wall of a bounded plasma
where the charged species and the electric fields in the
plasma prevent the probing electron beam to be applied to
the plasma-facing side of the wall. To measure the charge
distribution ρw(z) accumulated in a plasma-facing solid
structure can thus not be performed in the (standard)
scattering geometry developed, for instance, for investi-
gating space charge layers at semiconducting surfaces [84,
85,86]. Our results demonstrate however that from-the-
back diagnostics of ρw(z) or Nw, suitable for plasma ap-
plications, should be feasible.
6 Concluding remarks
In a still on-going effort we work towards a microscopic
understanding of the electron kinetics across the plasma
interface. The main motivation for our work, which we re-
viewed and extended in this presentation in a colloquial
manner–the mathematical details of which can be found
in the original publications or in the work to be published–
stems from the prospects of solid-based integrated mi-
crodischarges. We expect the charge transfer between a
solid and a plasma to be controllable by a judicious de-
sign of the plasma-facing structure opening up thereby
routes to a new generation of opto-electronic plasma de-
vices. Even if this expectation does not become reality
conventional discharges also benefit from a better under-
standing of the charge transfer between the plasma and
the solid because it leads to more realistic electron ab-
sorption/backscattering and secondary electron emission
coefficients.
As far as electron absorption/backscattering and elec-
tron extraction due to atomic particles as elementary sur-
face collision processes are concerned we presented gen-
eral theoretical frameworks for calculating electron stick-
ing/backscattering and secondary electron emission prob-
abilities. In particular the invariant embedding approach
used for investigating the interaction of a low-energy elec-
tron with an electro-positive dielectric surface has great
potential. It can be extended to higher electron energies,
above the impact ionization threshold of the dielectric,
and also applied to metallic surfaces, if it is augmented
by Coulomb-driven backscattering processes. The semiem-
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pirical multi-channel Anderson-Newns model we use for
calculating secondary electron emission probabilities due
to low-energy atom-surface collisions (potential ejection of
electrons) leads to very promising results for the projectile-
target combinations we applied it to despite the uncertain-
ties of the Gadzuk construction used for the calculation
of the matrix elements. Further studies along this line,
and comparison with results obtained from more refined
treatments, are however necessary to demonstrate that
the semiempirical model produces indeed viable results
for potential electron ejection due to charge-transferring
atom-surface collisions. Kinetic ejection of electrons, oc-
curring at impact energies on the order of 100 eV, has
to be treated differently, because the projectile has then
enough energy to enter the solid leading then to electron
emission due to a cascade of collisions inside the solid.
We also presented the fundamental set of equations
describing at the semiclassical level the selfconsistent elec-
tronic response of a plasma-facing solid. It consists of the
Poisson equation for the electric potential energy and two
sets of spatially separated Boltzmann equations, one for
the electrons and ions inside the plasma and one for the
conduction band electrons and valence band holes inside
the solid. The solutions of the two sets of Boltzmann equa-
tions are connected by matching conditions. For electrons
the matching conditions describe quantum-mechanical re-
flection and transmission due to the abrupt change in po-
tential energy at the plasma interface whereas for ions and
holes the matching conditions mimic hole injection (and
thus electron extraction) due to resonant neutralization of
ions. Secondary electron emission due to high energy elec-
trons impacting the surface and/or Auger neutralization
(de-excitation) of ions (metastable states) could be also
included into the matching conditions. In an exploratory
investigation we applied the approach to a perfectly ab-
sorbing collisionless plasma interface and obtained first
estimates for the plasma-induced band bending and the
spatial charge distribution of the solid-based part of the
electric double layer. Making the interface model more re-
alistic by going beyond the perfect absorber assumption,
accounting for collisions on both sides of and at the inter-
face, and including the full band structure of the surface is
of course necessary to produce reliable data. All this can
be however done within the general framework presented
above resulting in a kinetic model revealing–for the first
time–the basic mechanisms coupling the charge produc-
tion on the gaseous side of the interface with the charge
losses inside the solid.
Based on our proposal of using spectroscopic means
to determine the charge of a micron-size dust particle in
a plasma we explored furthermore the possibility to em-
ploy electron-energy loss spectroscopy to probe the charge
accumulated in a planar plasma-facing solid. Having ex-
perimental access to the solid-based negative part of the
electric double layer at a plasma interface will be crucial
for developing a quantitative microscopic understanding of
the charge transfer across the interface. Our preliminary
results indicate electron-energy loss spectroscopy to be in-
deed sensitive to the charge distribution inside plasma-
facing solid structures. We expect it thus to be a key exper-
imental technique for quantifying plasma-induced space
charge layers in solids.
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λwD U1 Ub λ
p
D Up Uw nint Nw j
(10−3cm) (eV) (eV) (10−3cm) (eV) (eV) (1010cm−3) (107cm−2) (1015s−1cm−2)
i-SiO2 2.4 -0.3 -0.4 6.3 5.1 6.8 7.5 15.2 3.5
i-Al2O3 3.2 -0.9 -1 1.6 5.1 6.8 10.7 59.6 56.7
i-MgO 1.1 -0.7 -0.8 0.6 5.1 6.8 92.4 156.0 377.6
Table 2. Numerical data for the electric double layer formed, respectively, at an intrinsic SiO2, Al2O3, and MgO surface in
contact with an hydrogen plasma. The interface is in all three cases perfectly absorbing as well as collisionless and the plasma
is characterized by the parameters given in Table 1.
